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Olive fruit fly, Bactrocera oleae (Rossi) (Diptera: Tephritidae), and olive anthracnose, mainly 
caused by Colletotrichum acutatum, are considered key biotic constrains of olive crop 
worldwide. Strategies employed for controlling this pest and disease are mostly based on the 
use of insecticides and copper-based pesticides, respectively, which is not compatible with 
sustainable production systems. This work aims to study the effect of two endophytes, 
previously isolated from olive tree, namely Aureobasidium pullulans and Sarocladium 
summerbellii on the behavior (i.e. attractiveness or repellence) and preference for oviposition 
of B. oleae, as well as on anthracnose infection, by using in vitro and in vivo (detached fruits) 
assays. Aureobasidium. pullulans-mediated changes in olive fruit volatile organic compounds 
(VOCs) and their consequences for anthracnose disease development were also evaluated. The 
tests performed by multi-choice olfactometer showed that both endophytes did not exert a 
repellent or attractive effect against mature gravid B. oleae female’s. Similarly, females did not 
showed preference to oviposit in olives inoculated with endophytes versus non-inoculated. 
Among the two endophytes tested, only A. pullulans inhibited significantly the growth (up to 
1.3-fold), sporulation (up to 5.9-fold) and spore germination (up to 3.5-fold) of C. acutatum in 
relation to the control (C. acutatum). Similarly, in inoculated olive assays, only A. pullulans 
was able to reduced significantly progress curve for incidence (up to 10-fold) and severity (up 
to 35-fold) of anthracnose, as well as both sporulation (up to 90%) and germination (up to 70%) 
of C. acutatum, in comparison with olives inoculated solely with C. acutatum. Gas 
chromatography–mass spectrometry analysis of olives inoculated with A. pullulans+C. 
acutatum and controls (olives inoculated with C. acutatum, A. pullulans or tween) led to 
identification of 29 VOCs, belonging to 10 different chemical classes, being alcohols the most 
diversified and abundant ones. The volatile profile of A. pullulans + C. acutatum revealed quali- 
and quantitatively differences from the controls, in particular due to the production of (z)-3-
hexen-1-ol and acetic acid, hexyl ester. These findings provide new viable possibilities of 
controlling olive anthracnose using the endophyte A. pullulans and/or their VOCs. These 
volatile inhibitory metabolites should be further tested against anthracnose. 
Keywords: Biocontrol, Aureobasidium pullulans, Sarocladium summerbellii, Bactrocera 





A mosca da azeitona, Bactrocera oleae (Rossi) (Diptera: Tephritidae), e a gafa, causada 
principalmente por Colletotrichum acutatum, são consideradas inimigos chave da oliveira em 
todo o mundo. As estratégias de luta contra esta praga e doença baseiam-se principalmente no 
uso de inseticidas e pesticidas à base de cobre, respetivamente, o que não é compatível com 
sistemas de produção sustentáveis. O presente trabalho tem como objetivo estudar o efeito de 
dois endófitos, previamente isolados de oliveira, nomeadamente Aureobasidium pullulans e 
Sarocladium summerbellii, sobre o comportamento (atratividade ou repelência) e preferência 
de frutos para oviposição de B. oleae, bem como sobre o desenvolvimento de gafa, utilizando 
ensaios in vitro e in vivo (frutos destacados). A emissão de voláteis de azeitonas inoculadas 
com A. pullulans e o seu efeito no desenvolvimento da gafa, foi igualmente estudado. Os 
ensaios de escolha múltipla realizados no olfatómetro mostraram que nenhum dos endófitos 
exerceu um efeito repelente ou atraente sobre fêmeas grávidas de B. oleae. De igual modo, não 
foi detetada nenhuma preferência pelas fêmeas em colocar ovos em frutos não inoculados 
versus inoculados com endófitos. Dos dois endófitos testados, apenas A. pullulans inibiu 
significativamente o crescimento (até 1,3 vezes), esporulação (até 5,9 vezes) e germinação (até 
3,5 vezes) de C. acutatum em relação ao controlo (C. acutatum). Nos ensaios de inoculação de 
azeitonas, foi também verificado que apenas A. pullulans reduziu significativamente a curva de 
progresso para incidência (até 10 vezes) e severidade (até 35 vezes) da gafa, bem como a 
esporulação (até 90%) e germinação (até 70%) de C. acutatum, face a azeitonas inoculadas 
apenas com C. acutatum. Análise por cromatografia gasosa de azeitonas inoculadas com A. 
pullulans + C. acutatum e controlos (azeitonas inoculadas com C. acutatum, A. pullulans ou 
tween) permitiram identificar 29 compostos voláteis, pertencentes a 10 classes químicas, tendo 
sido os álcoois os mais diversificados e abundantes. O perfil volátil de A. pullulans + C. 
acutatum revelou diferenças qualitativas e quantitativas em relação aos controlos, em particular 
devido à produção de (z) -3-hexen-1-ol e ácido acético, hexil éster. Apesar de preliminares, os 
resultados obtidos oferecem novas possibilidades para a luta da gafa pela exploração do 
endófito A. pullulans e / ou dos seus voláteis. A ação e potencial destes voláteis na luta contra 
a gafa deverá ser estudada no futuro. 
 
Palavras-chave: Biocontrolo, Aureobasidium pullulans, Sarocladium summerbellii, 





Framework and objectives 
Olive is an extremely important crop for Mediterranean basin countries, including 
Portugal (Rallo et al., 2018). The olive fly, Bactrocera oleae (Rossi), and anthracnose, mainly 
caused by diverse fungi clustering in the Colletotrichum acutatum species complex, are key 
constraints to olive production through their effects on olives. The yield loss caused by both 
olive fly and anthracnose can reach 80-100%, in some olive growing regions of the world 
(Daane et al., 2010; Cacciola et al., 2012). In many cases, anthracnose infections are related to 
fly infestation (Cacciola et al., 2012). Indeed, this insect is thought to favor the pathogen spread 
and help the infective process by creating wounds on olive fruits (Cacciola et al., 2012). The 
control of this pest and disease is very difficult, being mostly based on the use of chemical 
pesticides (Daane et al., 2010; Cacciola et al., 2012). Besides its limited efficacy, the use of 
pesticides has also led to several environmental problems (Yalage Don et al, 2020). Therefore, 
there is an urgent need to develop more effective and environmentally friendly tools to control 
both olive fly and anthracnose. This strategy has long been promoted by the EU (Directive 
2009/128/EC) and more recently, it forms part of the European Green Deal, in particular of the 
Farm to Fork Strategy, which aims to reduce pesticide use in the EU by 50% by 2030. This is 
a top priority of the European policy agriculture. One possible approach for meeting this 
demand is the development of biological control products based on the use of endophytes. There 
is an increasing evidence that this microbial community living in internal plant tissues can help 
host plant to deal with pests and diseases by inducing plant resistance/defense (Latz et al., 
2018). This newly emerging, but not yet fully understood, microbial role provides opportunities 
for the management of both olive fly and anthracnose. 
Recent studies have highlighted the importance and potential of endophytes colonizing 
the olive tree in protecting host plant from diseases (Martins et al., 2021; Mina et al., 2019). 
Indeed, olive tree cultivars with different susceptibilities to diseases were found to harboured 
distinct endophytic communities in their leaves and twigs, under the same pathogen pressure 
(Martins et al., 2021; Mina et al., 2020). Each olive cultivar apparently was selective towards 
specific endophytic taxa, which may confer these differences on host susceptibilities towards 
diseases. Thus, the main aim of this study is to evaluate the effect of two endophytes previously 
isolated from an olive tree cultivar moderately resistant to olive fly and anthracnose (cv. 
Cobrançosa), on olive fly attack and anthracnose infection by using in vitro and in vivo assays. 
The endophytes tested were Aureobasidium pullulans and Sarocladium summerbellii, and were 
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selected based on the increasing evidence of members of their genera to act as biocontrol agents 
against an array of plant pathogens (Comby et al., 2017; Nigro et al., 2018; Pinto et al., 2018; 
Kemp et al., 2020). An important prerequisite for the development and application of effective 
microbial control agents is a solid knowledge of their mode of action. Therefore, the 
involvement of volatile organic compounds (VOCs) in enhancing resistance towards 
anthracnose provided by the most promising biocontrol endophyte was additional study. 
Indeed, the protective effect of endophytes has been ascribed to production of several 
metabolites, including VOCs (Latz et al., 2018). To reach these two main goals, the following 
specific objectives were set: 
1) Study the effect of the endophytes A. pullulans and S. summerbellii on the behavior (i.e. 
attractiveness or repellence effect) and preference for oviposition of B. oleae, by using 
in vivo assays with detached olive fruits and leaves; 
2) Assess the capacity of the endophytes A. pullulans and S. summerbellii to inhibit the 
growth, sporulation, and spore germination of C. acutatum as well as anthracnose 
development, by using in vitro (dual culture) and in vivo (detached fruits) assays.  
3) Clarify the mechanisms underlying enhanced resistance of plant to anthracnose 
provided by the most promising endophyte, by studying the involvement of lytic 
enzymes and volatile organic compounds.  
 
With this work, it is expected to identify endophytes and metabolites (volatile 
compounds) that can be used as starting point for the development of new products, such as 
Microbial Bioprotectants/Metabolites, in the management of olive fruit fly and anthracnose. 
These new products may lead to a significant reduction in chemical applications in olive crop 
production, by offering a more environmentally friendly and economically feasible control of 





1. General introduction 
1.1. Olive tree: Classification, distribution and economic value 
Olive tree (Olea europaea subsp. europaea L.) is one of the most predominant trees in 
the Mediterranean basin, where around 98% of the olive tree plantation world area is located 
(Rallo et al., 2018). It belongs to the Oleaceae family, which contains about 25 genera and at 
least 600 different species (Besnard & Baali-Cherif, 2009). Recent studies suggest that olive 
tree was domesticated about six thousand years ago, being its cultivation started at the borders 
of Syria and Turkey (Besnard et al., 2018). Olive tree had spread from this region to whole of 
Mediterranean basin through trade routes of Mediterranean economies, and later throughout 
America after its discovery (Besnard et al., 2018). More recently, olive trees were introduced 
in new regions like south Africa, Australia, and some Asian countries such as Japan and China 
(Sebastiani & Busconi, 2017). 
The economic importance of olive tree relies mainly on fruit usage as table olives and 
as extra virgin olive oil. Both are categorized as highly nutritional products due to their richness 
in antioxidants and their interesting fatty acid composition (55–83% of oleic acid, 3.5–21% of 
linoleic acid and 1% of linolenic acid) (Cunnane, 2003). These biochemical properties are 
positively correlated with lower cardiovascular disease (Guasch-Ferré et al., 2014). Indeed, 
both olives and olive oil are big business, in particular for the European Union (EU), that 
ensures 64% of the world olive production (IOC, 2020). It is in EU’s southern member states 
that olive farming is an important agricultural activity. Spain alone produces 39% of world 
production for the 2019/20 crop year, followed by Italy (11%), Greece (10%) and Portugal (4%) 
(IOC, 2020). In addition, the olive oil sector represents an important source of employment and 
one of the sectors responsible for the reduction of rural depopulation. The emerging olive-oil 
tourism, especially developed in the Mediterranean basin, has also been a vital instrument for 
rural development (Pulido-Fernández et al., 2019). These aspects are very important, in 
particular for some regions of the Mediterranean basin that are expected to undergo important 
land abandonment processes (Perpiña et al., 2020). 
 
1.2. Biotic stress: pathogens and pests  
Several insects, pathogens and nematodes affect olive trees, causing serious economic 
losses on olive groves. The major insect attacking olive tree is the olive fruit fly, Bactrocera 
oleae Rossi (Diptera: Tephritidae) (Daane & Johnson, 2010), while among olive tree diseases, 
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the anthracnose is considered one of the most important, causing heavy losses in production 
and fruit quality (Talhinhas et al., 2018).  
 
1.2.1. Olive fruit fly: life cycle and economic impact  
 
The olive fruit fly B. oleae, is an ancient pest that attacks olive fruits, causing great 
qualitative and quantitative yield loses, as well as premature fruit drop. Its presence was 
reported throughout the Mediterranean basin, and few other regions in Africa, America and 
middle east (Daane & Johnson, 2010). This pest is considered monophagous since it only feeds 
on few wild and cultivated Olea species (Daane & Johnson, 2010). Thus, the development cycle 
of this pest is tightly linked to olive fruit condition and availability (Fig. 1). This cycle begins 
with the laying of eggs by the female underneath the skin of ripening olive fruit (Tzanakakis, 
2003), which usually starts during summer in the Mediterranean region. A single female can 
lay up to 20 eggs/day, producing more than 400 eggs during her lifespan (Kokkari et al., 2017). 
The newly hatched larvae feed and develop inside of olives, digging tunnels through the 
mesocarp. During this phase, the larvae may consume 50 to 150 mg of fruit pulp, depending on 
cultivar (Coelho, 2016). The larvae can then pupate inside the olive if it has developed around 
early to mid-summer or on the ground if it has developed during fall (Tsitsipis, 1977). The three 
stages of olive fruit flies’ development can take 1 day for egg hatching, and an average of 8 to 
37 and 9 to 49 days for larval and pupal development, respectively, depending of the prevailing 
temperature (Daane & Johnson, 2010). Finally, mature adults emerge from the exuviae of the 
pupa. The adult flies can live from 2 to 6 months and produce from 3 to 5 generations in the 
middle east region and from 2 to 5 generations in several parts of Europe (Daane & Johnson, 
2010). Unlike the larvae, adults do not feed on olives. The adult flies can feed on many organic 





Figure 1. Life cycle of the olive fruit fly Bactrocera oleae. 
 
Average crop losses caused by olive fruit fly are estimated to reach up to 30% of the 
total olive production (Skouras et al., 2007). These losses are however depending on whether 
the olives are destined for direct consumption, for which tolerable infestation levels are near 
zero, or olives destined for oil pressing, in which some infestation can be tolerated. 
Furthermore, the olive fruit fly can act as vector of phytopathogenic agents, which can heavily 
increase crop losses (Malacrinò et al., 2017). 
 
 
1.2.2. Anthracnose: casual agents, life cycle and economic impact   
 
Olive anthracnose is the main disease of olive fruits. It is widespread through the 
Mediterranean and endemic in some regions of Spain, Portugal and Italy (Cacciola et al., 2012; 
Talhinhas et al., 2018). Olive fruits infected by anthracnose are characterized by dark sunken 
lesions covered with orange spore masses, that resulted in premature fall or mummification of 
the rotten fruit (Fig. 2) (Talhinhas et al., 2018). Although less common, this disease can also 
affect other plant organs such as leaves, shoots and flowers (Moral et al., 2009). Symptoms on 
leaves and shoots include chlorosis and necrosis, severe defoliation, and dieback of twigs and 
branches (Cacciola et al., 2012). Infected flowers dry quickly, leading to its drop (Sergeeva et 
al., 2008). 










Adult fly oviposit 
underneath the olive 
skin  





Olive anthracnose has been associated to 13 species of the genus Colletotrichum mainly 
belonging to the complexes C. acutatum sensu lato (s.l.) and C. gloeosporioides s.l., and in less 
extent to C. boninense s.l. complex (Talhinhas et al., 2018). Although anthracnose has been 
associated to 6 species within the C. acutatum complex [C. acutatum sensu stricto (s.s.), C. 
fioriniae, C. godetiae, C. nymphaeae, C. rhombiforme and C. simmondsii] and 2 species within 
the C. gloesporioides complex (C. gloeosporioides s.s. and C. theobromicola) (Baroncelli et 
al., 2017; Mosca et al., 2014), the most predominant in most olive-growing regions are, by far, 
C. godetiae, C. acutatum s.s. and C. nymphaeae (Talhinhas et al., 2018). The prevalence of 
these taxa varies with geographic location. While C. godetiae is mainly distributed in the 
Mediterranean basin, C. nymphaeae and C. acutatum s.s. have been mostly reported in the 
Iberian Peninsula and in Southern Hemisphere countries, respectively (Talhinhas et al., 2018). 
In Portugal, the main causal agents of olive anthracnose are C. nymphaeae, followed by, C. 
godetiae and C. acutatum s.s. (Talhinhas et al., 2009). 
 
 
Figure 2. Symptoms of olive anthracnose on olive flowers, fruits and leaves, and the causal pathogen. (A) Typical 
symptoms of olive anthracnose caused by Colletotrichum acutatum on olive flowers (artificially infected, red 
arrow), (B, D) fruits (red arrow), and (C) leaves. (E) Gelatinous masses (conidiomata) of (F) spores appear on the 
top of cultures grown on PDA, and (G) acervuli (red arrow) developed on infected fruits. Source: Kolainis et al. 
(2020). 
The life cycle of Colletotrichum on olive fruits can be divide into three distinct phases: 
dissemination, pathogen inoculation, and pathogen infection and reproduction (Fig. 3). In the 
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first phase, the Colletotrichum conidia overwintered on diseased plant tissues (leaves, branches 
and mummified fruits) are disperse passively by rain splash. It is thought that these conidia may 
act as the main source of inoculum in the spring (Moral et al., 2009; Talhinhas et al., 2018). In 
the second phase, the conidia land on the surface of plant tissues like inflorescence and fruits. 
The infection starts when the conidia that resides on the surface of inflorescences or young 
unripe fruits germinate to produce a germ-tube that forms terminal appresorium. Then, an 
infection peg develops which penetrate through the cuticle and epidermis of fruit (Talhinhas et 
al., 2018). Fungal penetration is also believed to occur through stomas, lenticels and wounds 
caused by insects, such as B. oleae (Cacciola et al., 2012). After penetration on fruit, the 
Colletotrichum develops a hemibiotrophic stage remaining latent until fruit begins to ripen in 
autumn. With the onset of fruit ripening, the pathogen changes into necrotrophic stage leading 
to tissue necrosis and appearance of anthracnose symptoms (Gomes et al., 2009). Pathogen 
completes its life cycle when acervuli are formed. The spores produce in these acervuli are then 
spread by rain splash to newly fruits and other tree parts, giving rise to secondary infections 
(Talhinhas et al., 2018).  
 
 
Figure 3. Olive anthracnose disease cycle in the Mediterranean region. Source: Martins et al. (2019). 
 
 
In addition to the cultivars susceptibility (Moral et al., 2017) and pathogen virulence 
(Talhinhas et al., 2015), several environmental factors, such as temperature and relative 
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humidity, can influence the anthracnose incidence. Optimal conditions for host infection are 
relative humidity levels higher than 98% as well as temperatures varying between 17 and 20°C 
(Moral & Trapero, 2012). Susceptibility of olive fruit to anthracnose also increases with 
maturity, although immature fruit may be severely affected in favorable weather conditions 
(Talhinhas et al., 2018).  
Olive anthracnose is responsible to cause important losses in terms of crop productivity 
and quality. In anthracnose endemic regions of Portugal, Spain and Italy, the disease can cause 
under wet or very humid conditions yield losses up to 80-100% (Talhinhas et al., 2011; Cacciola 
et al., 2012). Olive oil produced from anthracnose-infected fruits usually have high acidity 
values and peroxide content, causing a decreased in its quality (Silva, 2016). Most of these olive 
oils show negative sensory characteristics, being classified as lampante (Silva, 2016). 
 
1.3. Management strategies 
Several methods were developed to reduce the impact of pests and pathogens on olive 
tree. The integrated pest management (IPM) is the main strategy used to control both olive fruit 
fly and anthracnose (Daane & Johnson, 2010). IPM focuses on the monitoring and control of 
pests and pathogens populations in order to maintain their numbers below economic damage 
levels, but without the side effects resulting from the irresponsible use of pesticides often 
leading to pest resistance, secondary pest resurgence and altering the balance of natural enemies 
or even eliminating them (Mantzoukas & Eliopoulos, 2020). The control of olive fruit fly and 
anthracnose is a very difficult task, that frequently requires a combination of techniques 
including cultural, biological and chemical control.  
 
1.3.1. Olive fruit fly management strategies  
Management of olive fruit fly relies on the application of different control methods after 
monitoring the adult population (Daane & Johnson, 2010). Adult fly population is usually 
monitored using traps, namely yellow sticky traps which use a color and an odor (sex 
pheromone of insect) to attract the olive fly, and/or by visual observation of the attack in fruit 
samples (Daane & Johnson, 2010). McPhail traps can be also used for monitoring, but they 
could additionally be applied as direct control measures, for example, by mass trapping (Daane 
& Johnson, 2010). In this trap is used ammonium salts as bait attractants. When olive fly 
population reaches the economic threshold, control measures are implemented by the growers 
to reduce losses caused by the pest. This control should be based on the integration of different 
control methods, including indirect and direct methods.  
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Indirect methods include, for instances, the enhance of both abundance and diversity of 
natural enemies, namely predators and parasitoids, in the olive grove (Villa et al., 2016). This 
can be achieved by providing resources (e.g., food, habitats for hosts/alternative prey, and 
shelters) necessary for natural enemies’ activity in olive crop (Villa et al., 2016a, b), or by 
releasing these natural enemies in the olive groves (Herz et al., 2005). For instance, several 
native plants species growing in olive groves of Trás-os-Montes region (e.g., Malva sylvestris 
and Veronica persica) have been identified to play an important role as sources of supplemental 
food for natural enemies of the olive fly (Villa et al., 2016a, b). The most important natural 
enemies of B. oleae include parasitoids, such as Eupelmus urozonus (Hoelmer et al., 2011), 
Pnigalio mediterraneus (Yokoyama, 2015) Fopius arisanus (Sime et al., 2008) Eurytoma 
martellii (Cacciola et al., 2012) and some species of the genus Psyttalia (P. lounsburyi, P. 
concolor and P. ponerophaga) (Daane et al., 2008; Sime et al., 2006, 2007) that have the 
capacity to parasitize both larvae and pupae of olive fly, as well as predators. 
Scolopendromorpha, Araneae, Formicidae, Carabidae, Dermaptera, Staphilinidae have been 
reported as the most active predators of larvae and pupae of olive fly in the soil of olive groves 
(Albertini et al., 2017; Dinis et al., 2016). However, the effectiveness of these parasitoids and 
predators in reducing the damage caused by the olive fly in the olive groves is still unknown. 
Furthermore, biological control using natural enemies still faces few obstacles related with the 
complex process of natural enemies’ collection and transportation and the inability of 
introduced parasitoids to survive (Yokoyama, 2015). The variation of environmental conditions 
between their native and region of introduction may impact the natural enemies’ viability rates 
(Daane & Johnson, 2010).  
Among the direct control means, the application of copper and kaolin-based particle 
film as physical barrier or repellent against olive fly adults (Saour & Makee, 2004), the use of 
entomopathogenic fungi (Yousef et al., 2013) as well as of Bacillus thuringiensis (Ilias, 2013) 
have been shown to have potential on olive fly management. Various types of traps, including 
mass trapping with OLIPE trap, which use an odor attractant such ammonium salts, hydrolysed 
proteins, or sex pheromones, allow the attraction of a great number of olive flies (Daane & 
Johnson, 2010). In addition to baits, insecticides are widely utilized, mainly organophosphates 
in cover sprays and pyrethroides (Daane & Johnson, 2010). As the capacity to develop 
resistance to insecticides is more and more common within olive flies’ populations, researchers 
sought alternative methods to combat olive fruit fly infestation namely biological control which 
has a great potential in reducing environmental pollution, olive oil contamination and the 
destruction of natural enemies. Therefore, there have been an increasingly use of less 
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problematic pesticides, such as Spinosad. This pesticide, which is a mixture of spinosyns A and 
D derived from the soil bacteria Saccharopolyspora spinosa, has showed efficacy against olive 
fly (Poullot & Warlop, 2002). Unfortunately, biological control programs have not been 
successful, particularly in that they fail to consistently provide adequate levels of olive fly 
control (Daane & Johnson, 2010). 
 
1.3.2. Anthracnose management strategies 
 
The management of olive anthracnose is very difficult and depends on the level of 
disease itself and of environmental conditions. Generally, it is used as a combination of several 
means and tools, either to prevent or to protect olive crop against anthracnose (Cacciola et al., 
2012; Moral et al., 2018). Preventive measures rely mostly on cultural practices such as pruning 
for improving canopy aeration, drainage and irrigation, balanced fertilization, use of varieties 
tolerant/resistant to anthracnose, control of insects like olive fruit fly that potentially may spread 
the pathogen and increase the risk of infections through ovipositors wounds, anticipation of 
harvest time in order to help mature and overripe fruits to escape secondary infections, among 
others (Cacciola et al., 2012; Malacrinò et al., 2017; Moral et al., 2014). 
Methods for direct control of olive anthracnose include the use of copper-based 
fungicides and more recently of natural products and biocontrol agents. Aerial sprays with 
copper oxychloride, copper sulphate or copper hydroxide, from late September to December, 
have been recommended for controlling olive anthracnose (Cacciola et al., 2012). Other 
fungicides have been also employed such as Captafol, Mancozeb, Clorthalonil and 
Pyraclostrobin, but copper-based fungicides are still preferred by growers due to their long 
persistence and wide activity spectrum against pathogens (Cacciola et al., 2012). However, such 
fungicides, in particular copper-based fungicides, are not effective against latent infection 
(Moral et al., 2009); And, their widely used pose potential environmental and human health 
risks. Recognizing that problem, the European authorities would like to restrict, in the near 
future, the use of copper-based fungicides across the EU.  
Some natural products, like botanicals (i.e., plant extracts) and products of mineral 
origin (i.e., calcium rich compounds) have been showed to inhibit Colletotrichum spp. under in 
vitro, but their field application was not always effective in the control of olive anthracnose 
(Moral et al., 2018). Pomegranate peel extract has also showed promising results as fungicidal 
against C. acutatum both under in vitro and in field experiments, especially when used during 
the early ascendant phase of the disease (Pangallo et al., 2017). The use of microorganisms as 
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biological control agents against olive anthracnose have been also tested, mostly under control 
conditions. For instance, the severity of the symptoms produced by C. acutatum was reduced 
up to 50% in olives inoculated with Aureobasidium pullulans, Curtobacterium flaccumfaciens 
and Paenibacillus polymyxa (Segura, 2003). More recently, the fungicidal activity of several 
yeast against C. gloeosporioides tested on ripe olive fruit, branches and leaves, showed to 
reduce the disease incidence and severity (Pesce et al., 2018). In field experiments, the 
inoculation of olive trees with A. pullulans showed to reduce significantly the anthracnose 
severity by 40% and latent infection by 14% (Nigro et al., 2018). As far as we know, this is the 
only successful report of the use of microbial biocontrol agents in controlling olive anthracnose 
in field conditions. 
 
1.4. Endophytes and their potential role in plant protection 
Endophytes are defined as non-harmful microorganisms residing within the plant’s 
tissues (endosphere) such as leaves, stems or roots (Trivedi et al., 2020). Proteobacteria and 
Firmicutes bacterial phyla, in addition to Basidomycota and Ascomycota fungal phyla are 
frequently the most predominant in endophytic communities (Coleman-Derr et al., 2016; 
Hamonts et al., 2018; Zarraonaindia et al., 2015). Their composition in plant tissues is shaped 
by the complex interactions between the microorganisms, the environment and the host (Trivedi 
et al., 2020). Endophytes play an important role in promoting the plants health and improving 
its productivity. It was actually noticed that under stressful conditions the plant changes its 
exudation patterns for a selective recruitment of ’stress-tolerant microbiome’ which improves 
its responses to numerous biotic or abiotic stressors (Trivedi et al., 2020). Moreover, plant-
associated microbiomes promote the plant’s growth by enhancing the bioavailability of 
insoluble minerals and siderophores or improving the root system architecture of host plants 
(Trivedi et al., 2020).  
The presence of endophytes substantially benefits the plant by protecting it from pests 
and pathogens attack, thus acting as plant defenders or biocontrol agents. The ability of 
endophytes to minimize pest attack has been reported for many kinds of insects such as 
lepidopterous larvae, aphids and thrips (Bamisile et al., 2018). This beneficial effect is mostly 
ascribed to the production of bioactive metabolites by endophytes within plant tissues, with 
insecticidal or repellent effect on pest insect (Sugio et al., 2015). Ergot alkaloids and 
neurotoxins are considered the main compounds produced against pests (Latz et al., 2018). 
Several endophytic alkaloids were characterized and showed that peramine and loline alkaloids 
10 
 
mainly impacts invertebrate herbivores, while indole-diterpene and ergot alkaloids mainly 
decrease the action of vertebrate herbivores (Fuchs & Krauss, 2019). These compounds are able 
to reduce insect weight, growth and survival, and even make the plant less attractive and 
unpalatable to insect pests (Azevedo et al., 2000). Endophytes can also alter the composition of 
the host organic volatile compounds making its olfactory properties more attractive to natural 
enemies of the insect pest (Fuchs & Krauss, 2019). However, up to date, it remains unclear 
whether the endophyte produces volatiles or induces a change in plant derived volatiles (Fuchs 
& Krauss, 2019).  
Some previous studies have also indicated the possibility of using endophytes in the 
management of plant diseases (Chakraborty et al., 2021). The mechanisms by which 
endophytes control plant diseases include direct inhibition of the pathogen by the endophyte 
through antibiosis, mycoparasitism and competition, or indirect inhibition through induction of 
systemic resistance (ISR) or systemic acquired resistance (SAR) in the host plant (Trivedi et 
al., 2020). Frequently several defense mechanisms are simultaneously activated (Latz et al., 
2018) and are strongly dependent on the pathosystem (Felle et al., 2009). Antibiosis is defined 
as the direct inhibition of the pathogen through the production of antimicrobial compounds by 
the endophyte (Latz et al., 2018) such as alkaloids, flavonoids, peptides, phenols, polyketides 
and volatile organic compounds (Yu et al., 2010). Yet it is important to note that, in some cases, 
both the endophyte and the host plant contribute to the metabolic pathway of a certain 
compound through the induction of its synthesis or its metabolism (Aly et al., 2013). 
Mycoparasitism is also another form of endophyte to control diseases which involves a 
biotrophic interaction between the endophyte (parasite) and the pathogen (prey) (Latz et al., 
2018). This interaction can be both indirect and direct, depending on whether the endophyte 
produces compounds that aim to release nutrients from the pathogen at a distance, or is in direct 
physical contact (Latz et al., 2018). The physical mycoparasitism often happens through the 
endophyte penetration and coiling around the pathogen’ hyphae finally leading to its depletion 
and disruption (Latz et al., 2018). In the competition, the endophyte prevents colonization of 
the host plant by pathogens. Generally, this competition is for the same set of resources, mostly 
nutrients and space or inclusively infection sites (Latz et al., 2018). The rapid colonization of 
plants tissues by the endophytes and the acquisition of its available nutrients prevents the 
pathogens population to overlap the endophytes consortium (Rodriguez et al., 2009). 
Endophytes can also reduce the infection of plant tissues by pathogens indirectly by triggering 
a defense response in the host, in which occurs the differential expression of genes, protein 
synthesis and specific metabolic changes (Latz et al., 2018). This induced resistance can be 
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local or systemic (Latz et al., 2018). 
To date some laboratory studies have been carried out to explore the potential of 
endophytes isolated from olive tree as biocontrol agents against pathogens of this crop. Several 
fungal endophytes isolated from olive fruits showed to inhibit C. acutatum growth (from 40 to 
71%), sporulation (from 46 to 86%) and germination (from 21 to 74%), in dual-culture assays 
(Preto et al., 2017). The most potent antagonists were Penicillium commune, Paecilomyces 
lilacinus, Fusarium oxysporum and Hypocrea lixii, which were also showed to cause 
morphological changes in C. acutatum hyphae. Similarly, the fungal endophytes Alternaria sp., 
Diaporthe sp., and Nigrospora oryzae isolated from olive leaves showed capacity to inhibit up 
to 27% of C. acutatum growth, in dual-culture assays (Landum et al., 2016). In artificial 
inoculation of detached fruits, the endophyte Trichoderma koningii isolated from olive leaves 
showed to reduce significantly the incidence and severity of olive anthracnose caused by the 
pathogen C. godetiae. The effectiveness of this endophyte as biological control agent was most 
notorious on fruits that start to change skin color than on purple or black olives (Martins et al., 
2019). Despite these promising results, as far as we know, no field studies have addressed the 
applicability of these endophytes against olive tree diseases. Similarly, studies related to the 




2. Material and methods 
2.1. Microbial isolates and inocula production 
The endophytes Sarocladium summerbellii (strain CIMO 19DM011) and 
Aureobasidium pullulans (strain CIMO 19DM275) were previously isolated from symptomless 
leaves of olive tree, as referred in Bahri et al. (2021) and Costa et al. (2021), and kept in the 
microbial collection of the Mountain Research Center (CIMO-CC) in 30% (v/v) glycerol 
solution at −80 °C. Briefly, these endophytes were isolated by inoculating surface sterilized leaf 
fragments previously dissected into small segments (ca. 4-5 mm) on potato-dextrose agar 
(PDA) medium (Bahri et al., 2021). Their identification was based on sequencing of the internal 
transcribed spacer (ITS) of ribosomal DNA (ITS1, 5.8S rRNA gene and ITS2) (Bahri et al., 
2021; Costa et al., 2021). These two species were selected based on the increasing evidence of 
members of the genera Sarocladium (Comby et al., 2017; Kemp et al, 2020) and mostly 
Aureobasidium (Nigro et al., 2018; Pinto et al., 2018) to act as biocontrol agents of several plant 
pathogens causing diseases in a range of agricultural species. The demonstrated importance of 
volatiles produced by A. pullulans as attracters of several insect species (Davis & Landolt, 2013; 
Davis et al., 2013), was an additional reason to test the effect of this yeast on B. oleae. The 
pathogenic fungus Colletotrichum acutatum (strain CIMO 15FM003) was obtained from 
CIMO-CC. This fungus, which is one of the main causal agents of olive anthracnose, was 
previously isolated from the inner tissues of naturally infected olives and identified by 
sequencing the ITS region of rDNA using both the universal ITS1 and ITS4 primers (White et 
al., 1990), and degenerate primers Coll1F and Coll3Rb (Mosca et al., 2014). 
The microbial inocula used in the experiments were prepared from frozen stocks by 
transferring yeast cells or fungal spores to PDA medium. The fungi were grown at room 
temperature for 5 (for yeast) or 15 (for filamentous fungi) days, and yeast cells or spores 
produced were then scraped from the agar plates with a sterile rod, and suspended on 30 ml of 
sterile 0.025% (v/v) Tween 80. The concentration of both yeast cells or fungal spores was 
adjusted to 1x10
6
 cells or conidia/mL with sterile 0.025% (v/v) Tween 80, in a Neübauer 
haemocytometer, under light microscope (Leica DM500), and further used as inoculum. 
 
2.2. Insect collection and rearing  
The adult B. oleae insects used in the olfactometer and oviposition experiments were 
obtain from olives of the cultivar Cobrançosa, that were collected in an olive orchard located 
13 
 
in Mirandela (Northeast of Portugal). After collection, olives with signs of olive fly infestation 
were selected in a binocular stereo microscope (Leica EZ4), placed in humidified box, and daily 
inspected for the presence of larvae and pupae. Once present, larvae and pupae were transferred 
individually to 1.5 mL Eppendorf tubes sealed with parafilm, for adult emergence (Fig. 4). 
Emerging adults were then transferred every day to rearing cages (12 cm of diameter and 13 
cm of height), separated depending on their sex, and maintained in the insectarium at 25ºC ± 2 
ºC, 70 ± 10% of relative humidity, under a photoperiod of 16L:8D (light:dark). Adults were 
feed ad libitum with honey (10%, w/v) and water, being the diet changed every two days. Adult 
males and females with 10 days old (i.e., when attained sexual maturity) were transferred to the 
same rearing cages, and left to crossed during five days, in order to ensure that all females were 
gravid and available to oviposit.  
 
 
Figure 4. Bactrocera oleae collection and rearing. (A) Olives with signs of fly infestation were kept in humidified 
boxes, (B) single pupae or larvae in eppendorffes tubes, until emergency of adults, (C) flies’ crossing in rearing 
cages. 
 
2.3. Olfactory and oviposition bioassays 
For the establishment of the olfactometer and oviposition assays, was used symptomless 
olive fruits at maturation stage 4 (black epidermis and white pulp; Hermoso et al., 2001) as well 
as leaves collected from olive tree of cv. Cobrançosa. The healthy status of the fruits and leaves 
used in these assays were confirmed in a binocular stereomicroscope (Leica EZ4). Five fruits 
and 5 leaves were placed on round glass flasks (9 cm of diameter and 10 cm of height) 
containing sterilized filter paper (Whatman nº 4), and inoculated with 3 mL of a spore/cell 
suspension (106 spores or cells/mL) of each endophyte S. summerbellii or A. pullulans. 
Olives/leaves mock inoculated (i.e., inoculated with sterile 0.025% v/v Tween 80) and non-
inoculated were used as control. Five replicates for each treatment were performed. Flasks were 
A B C 
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incubated at 25 ± 2ºC, under daylight regime, and 72h after inoculation, the olives/leaves were 
used for olfactometer assays (in order to evaluate the behavior response of B. oleae to fungi 
inoculation) and oviposition assays (in order to evaluate the oviposition preference of B. oleae 
to fungi inoculation). 
The behavior response of B. oleae to fungi inoculation was assessed by using a multiple-
choice assay. This assay was conducted in a box (40 cm L × 5 cm H) with 8 odour source 
chambers positioned in a circle (18 cm diameter) in the center of the arena, and covered with a 
removable lid (Fig. 5A). Five fruits and 5 leaves from each of the four treatments mentioned 
above (i.e., inoculated with S. summerbellii or A. pullulans, mock-inoculated and non-
inoculated) were arranged at random in 4 chambers, with an empty chamber between each 
other, for replicate trials. Twenty mature gravid B. oleae females (15-d-old) were released in 
the arena, after 10 min of the introduction of plant samples, in order to ensure volatile emission. 
Choice assays were always performed from 10 a.m. to 4 p.m., at 20 ± 1°C and 45 ± 5% of 
relative humidity. The flies in the arena were exposed to odours emanating via an airflow, 
pumped at a flow-rate of 12cm3/min, from each different chamber, allowing flies to make a 
choice. The number of flies that stayed inside each chamber for at least one min was counted 
during 45 min. This experiment was repeated five times using new batches of females and 
fruit/leaf samples. 
In the multiple choice oviposition bioassay, the olives and leaves of each treatment (i.e., 
inoculated with S. summerbellii or A. pullulans, mock-inoculated and non-inoculated) used in 
the olfactometer assays were transferred to glass petri plates (9 cm diameter), placed into 
rearing cages (40 cm L × 40 cm H) and positioned in a square at equal distance (Fig. 5B). 
Twenty mature gravid females and 20 males of B. oleae (15-d-old) were released in each cage 
and left to oviposit during 72 h, at 25ºC ± 2 ºC, 70 ± 10% of relative humidity, under a 
photoperiod of 16L:8D. Flies were feed ad libitum with honey (10%, w/v) and water. After 24, 
48 and 72 hours of B. oleae release was evaluated the number of ovipositions per fruit, in each 
treatment, under a binocular stereomicroscope (Leica EZ4). The experiment was repeated five 






Figure 5. Assays to assess the effect of endophytes on both behavior and oviposition preference of Bactrocera 
oleae. (A) Olfactometer bioassay showing the box with 8 odor source chambers positioned in a circle in the center 
of the arena; (B) Oviposition bioassay.  
 
2.4. Antagonist effect of endophytes against C. acutatum  
The antagonistic activity of the endophytes S. summerbellii and A. pullulans against the 
causal agent of anthracnose, C. acutatum, was assessed by using in vitro (dual culture) and in 
vivo (detached fruits) assays. In both assays, the antifungal activity of endophytes was assessed 
by measuring the inhibition rates in mycelial growth or disease development, sporulation, and 
spore germination of C. acutatum. 
Dual-cultures between the endophytes and C. acutatum were established on PDA 
medium containing 1% (w/v) of fresh olive pulp. This medium was prepared by mixing 
previously grinded olives of cv. Cobrançosa at maturation stage 4 (Hermoso et al., 2001), 
before autoclaving at 121 °C for 15 min. Petri dishes (9 cm diameter) containing 10 mL of this 
medium were inoculated with 10 µl of cell/spore suspension (106 cells or spores/mL) of each 
fungus, on opposite sides of the plate (about 3 cm apart). As control, single C. acutatum cultures 
were prepared. Five replicates of each combination were performed, and the plates were sealed 
with parafilm and incubated in the dark at 25 ± 2ºC. The radial growth of the pathogen towards 
the interacting endophyte was daily evaluated, and used to estimate the growth rate of C. 
acutatum by dividing the radius (in cm) by the number of incubation days at the time of 
measurement. At the end of the assay, the number of spores produced by the pathogen, their 
viability and hyphae morphology at the interaction zone with the endophyte were also assessed. 
For sporulation assessment, an agar plug from the interaction zone was transferred into a tube 
with 15 ml of sterile 0.02% (v/v) Tween 80. After vortexing for 1-2 min, the concentration of 
C. acutatum spores on the suspension was estimated in a Neubauer counting chamber and 
results expressed in spores/mL. To test spore germination, glass microscopes slides containing 




sporulation. After incubation, at 25±2°C in the dark for 12h, the percentage of germination was 
evaluated by counting the number of germinated and non-germinated spores, from a total of 
300 spores per glass microscopic slide. Hyphae morphology in the interaction zone was 
evaluated under light microscopy, by mounting portions of mycelium from this zone on a glass 
slide in lactophenol cotton blue and examined in a Leica DM2000 microscope. Pictures were 
captured with a Wild Leitz MPS46/52 Photoautomat camera. 
For the establishment of fruit bioassays, was used symptomless olive fruits from cv. 
Cobrançosa, at maturation stage 3 (epidermis is red or purple in more than half fruit) (Hermoso 
et al., 2001). After washing in running water, the olives were surface sterilized through 
sequential immersion in 70% (v/v) ethanol for 1 min, 3-5% (v/v) sodium hypochlorite for 2 
min, and then rinsed three times (1 min each) with sterile distilled water. Fruits were then air-
dried and placed on round glass flasks (9 cm of diameter and 10 cm of height) containing 
sterilized filter paper (Whatman nº 4). Each flask had 5 olives, that were inoculated by 
distributing over them 3 ml of cells/spores suspensions of endophyte (106 cells or spores/mL), 
and after 3 days were additionally inoculated with 3 ml of C. acutatum spore suspension (106 
spores/ml). Controls were performed by inoculating olives with 3 mL of sterile aqueous solution 
of 0.02% (v/v) Tween 80, or endophyte/pathogen spore suspension (106 spores/ml). For each 
olive treatment was performed 5 replications. Inoculated and control fruits were incubated at 
25 ± 2ºC, under daylight regime, and the filter paper was kept wet during the experiment to 
maintain a high humidity necessary for infection. Both disease incidence (i.e., percentage of 
infected fruits) and disease severity (i.e., proportion of fruit area that is affected) was assessed 
every 3 days, for 21 days after inoculation. Disease incidence (%) was determined as the number 
of infected fruits divided by the total number of tested fruits, multiplied by 100. Disease severity 
was determined by using a 0 to 5 rating scale, where 0 = no visible symptoms, 1 = visible 
symptoms affecting <25% of the fruit surface, 2 = 25–50%, 3 = 50–75%, 4 = 75–100%, and 5 
= fruit completely rotted with abundant conidia in a gelatinous matrix (soapy fruit) (Moral et 
al., 2008). The area under disease progress curve for disease incidence (AUDPCi) and severity 
(AUDPCs) was further calculated for each replication following the procedure described by 
Moral et al. (2008). Briefly, AUDPC was calculated using the following formula: 
AUDPC  =∑[(Ii+1 + Ii
n
i=1
)/2](ti+1 − t1) 
where (I) is the incidence (%) or severity (%) at ith observation, ti is the time (days) at the ith 
observation, and n is the total of number of observations. At the end of the assay, the sporulation 
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and viability of the pathogen in inoculated olives with pathogen or endophyte + pathogen was 
evaluated. For this, a spore suspension was obtained by transferring an olive into a tube with 
15 ml of sterile 0.02% (v/v) Tween 80. After vortexing for 1-2 min, the concentration and 
viability of C. acutatum spores was evaluated by using the same procedure described above for 
dual-culture assays.   
 
2.5. Mechanisms associated with the antagonistic activity displayed by A. pullulans  
Among the endophytes studied, A. pullulans showed the greatest antagonistic activity 
against C. acutatum either in in vitro or in vivo assays (please see results). Thus, the ability of 
this endophytic species to produce compounds related to phytopathogen biocontrol was further 
studied, aiming to elucidate its mechanisms of action against C. acutatum. In particular, it was 
studied the production of the lytic enzymes cellulase and protease, and of volatile organic 
compounds (VOCs), during the interaction between A. pullulans and C. acutatum. 
Production of lytic enzymes was assessed in dual cultures established between A. 
pullulans and C. acutatum, in PDA medium containing the respective enzyme substrate, 
following the same procedure described previously in the dual culture assay. For cellulase 
activity, the medium was supplemented with 0.5% (w/v) Na-carboxymethyl cellulose (CMC) 
(Alta Aesar). After incubation the plates were flooded with 0.2% (w/v) aqueous Congo Red 
(Merck) and distained with 1M NaCl (Merck) for 15 minutes. The clear zone surrounding the 
colony indicated cellulase activity (Maria et al., 2005). For protease activity, the PDA medium 
was amended with 0.4% (w/v) gelatin (Prolabo) at pH 6.0. After incubation, plates were flooded 
with saturated aqueous ammonium sulphate (Prolabo) and the undigested gelatin precipitated 
with ammonium sulphate. The digested area around the colony was clear, and indicative of 
protease activity (Maria et al., 2005). Control plates were performed with single cultures of A. 
pullulans and C.acutatum. Five replicates of each fungal combination and for each enzyme 
were performed. The level of enzyme activity was evaluated by measuring the radius (in cm) 
of the clearing zone formed around A. pullulans colony. 
To evaluate the production of volatile compounds, a bioassay with olives was 
established following a similar procedure previously described. Briefly, five previously 
sterilized healthy olives of cv. Cobrançosa (with a maturation index 3) were introduced in 50 
ml flasks (Duran Gaines Synth, Bioblock), inoculated with 1 mL of cells suspension of A. 
pullulans (106 cells/mL), and after 3 days were additionally inoculated with 1 ml of C. acutatum 
spore suspension (106 spores/mL). Controls were performed by inoculating olives with 1 mL 
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of sterile solution of 0.02% (v/v) Tween 80 (mock-inoculation), or with the endophyte (1 mL 
at 106 cells/mL) or with the pathogen (1 mL at 106 spores/ml). After inoculation, the flasks were 
immediately sealed with a polypropylene cap with polytetrafluoroethylene/silicon septum 
(Duran) and incubated at 25ºC ± 2ºC, under daylight regime. Five replicates for each treatment 
was performed. 
Based on the results obtained in the in vivo bioassays (please see results), the sampling 
of volatiles took place after 2, 8 and 16 days after pathogen inoculation. The volatiles were 
analyzed, at each time sampling, by headspace solid-phase microextraction gas 
chromatography coupled to mass spectrometry (HS-SPME-GC/MS), following a similar 
procedure used by Baptista et al. (2021). Briefly, after an incubation at 30°C for 30 min in an 
ultrasonic bath (40 kHz), volatiles were extracted from the flasks by using a 
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) 50/30 µm fiber, for 30 
min at 30°C. Fiber was then removed from the flask and inserted into the injection port of the 
GC system for thermal desorption and reconditioning (10 min at 280º C).  Chromatographic 
analysis was performed on an Agilent 6890 series GC (Agilent, Avondale, PA, USA), with 
splitless injection, coupled to a MS detector (Agilent 5973). Volatiles were separated using a 
bonded phase fused-silica capillary column (SPB-5, 60 m × 0.32 mm × 1 μm, Supelco, 
Bellefonte, USA), operating at constant flow with helium at 1 ml min-1. The oven temperature 
program was isothermal for 5 min at 25°C, raised to 220°C at a rate of 3°C min-1 and maintained 
at 220°C for 2 min, with a total run of 53 min. The transfer line to the mass spectrometer was 
maintained at 250°C. Mass spectra were obtained in electronic impact mode at 70 eV, with a 
multiplier voltage of 2056 V, collecting data at a rate of 1 scan s-1 over the range 30–500 m/z. 
Volatile compounds were identified by comparing the experimental spectra with spectra from 
NIST 98 data bank (NIST/EPA/NISH Mass Spectral Library, version 1.6, U.S.A.), and also by 
comparison of their GC retention index. Retention indices were obtained using a commercial 
n-alkanes series C7-C30 (Sigma-Aldrich, St. Louis, U.S.A.) by direct splitless liquid injection 
(1 μL) while all further conditions of GC and MS as settled for the volatile analysis. Retention 
indices were calculated according to were calculated according to Kovat's Index. The volatiles 
compounds identified were expressed on the basis of the relative areas achieved for the 
individual base ions (m/z 100% intensity). For semi-quantification purposes, each sample was 
injected in triplicate, and the chromatographic peak areas (as count amounts) were determined 
by a reconstructed full-scan chromatogram using for each compound some specific 




2.6. Data analysis 
The results of olfactometer, interaction between endophyte-pathogen and volatile 
compounds are presented as the mean of each parameter accompanied by the respective 
standard deviation (SD). To determine differences among the means, a one-way analysis of 
variance (ANOVA) with PAST v4.03 software was done, and the averages were compared 
using Tukey’s test (p<0.05). Before analysis, normality of data was checked by using Shapiro-
Wilk test. The same software was used to generate hetmap, box-plot and bar charts.  
A Principal Component Analysis (PCA) was performed to identify the volatiles 
compounds that discriminate best the different treatments (olives inoculated with C. acutatum 
or A. pullulans, or A. pullulans + C. acutatum) over the time. This analysis was performed in R 
version 4.0.4 (R Core Team, 2020) using the functions prcomp() and fviz_pca_biplot from 
Factoextra package (Mundt, 2020). PCA arrows represent the contribution of each volatile 
compound to the two components (length of the arrow) and specific gradient colour denotes 






3.1. Olfactometer and oviposition assays  
A multiple-choice assay was performed to examine the attractiveness of mature B. oleae 
females to olives/leaves either non-inoculated or inoculated with the endophytes S. 
summerbellii or A. pullulans. The results showed that none of the endophytes tested 
significantly affect the behavioral of B. oleae when compared to control (i.e., non-inoculated 
olives or inoculated with Tween; p=0.125) (Fig. 6A). Despite the non-significance, S. 
summerbellii seems to have an attractive effect towards B. oleae females when compared to 
control and A. pullulans. 
Similarly, there was no significant difference in preference of B. oleae gravid females 
to laid eggs between inoculated and non-inoculated olives, after 24h (p = 0.220), 48h (p = 0.855) 
and 72h (p = 0.483) of their release in cages for oviposition (Fig. 6B). Although not statistically 
significant, there was a trend for females to laid more eggs on olives inoculated with S. 
summerbellii when compared to other treatments including olives non-inoculated or inoculated 




Figure 6. Results of the olfactometer and oviposition assays. (A) Percentage of mature gravid Bactrocera oleae 
females captured in traps in each treatment; (B) number of ovipositions per fruit observed in each treatment, over 
72h after the release of adults. Treatments: fruits non-inoculated (control) or inoculated with tween 80 (mock-
inoculated), Aureobasidium pullulans (Ap) or Sarocladium summerbellii (Ss). Non-significant differences 











































3.2. In vitro interaction between endophytes and C. acutatum 
Dual cultures between A. pullulans - C. acutatum, S. summerbellii - C. acutatum and 
control (single cultures of C. acutatum) were established in PDA amended with 1% (w/v) of 
macerated fresh olives. Among the two endophytes tested, only A. pullulans showed capacity 
to inhibit significantly the growth of C. acutatum (Fig. 7). The inhibitory effect of A. pullulans 
on the growth of C. acutatum was obvious after 7 days of interaction, by decreasing 
significantly (p<0.001) the pathogen’s growth up to 1.5-fold in relation to control; and reaching 
the highest internal growth reduction (up to 4.3-fold of inhibition) at 8 days of interaction, the 
moment after which the colonies of both microorganisms establish contact (Fig. 7A). In 
contrast, S. summerbellii did not reduce the pathogen’s growth rate and at 7 days of interaction 
this endophyte even showed the ability to increase significantly (p<0.001) the growth of C. 
acutatum (up to 1.6-fold when compared to control) (Fig. 7B).  
 
 
Figure 7. Growth rate (cm/day) of Colletotrichum acutatum in co-culture with Aureobasidium pullulans (A) or 
Sarocladium summerbellii (B) and in control (single cultures of C. acutatum), after 2, 4, 7 and 8 days of interaction. 
Box plots depict medians (central horizontal lines), the inter-quartile ranges (boxes), and 95% confidence 
intervals(whiskers). Different superscript lowercase letters denote a statistically significant difference (p<0.05, 
N=5) between co-culture and control, within each day of interaction. 
 
Marked differences were also observed among the two endophytes tested on their 
capacity to inhibit both sporulation and germination of C. acutatum (Fig. 8). A. pullulans 
significantly (p<0.001) reduce the sporulation (up to 5.9-fold) and germination (up to 3.5-fold) 




























































only showed capacity to significantly (p<0.001) inhibit the germination of C. acutatum (up to 
1.6-fold in relation to control). 
 
 
Figure 8 Sporulation (A) and spore germination (B) of Colletotrichum acutatum in co-culture with Aureobasidium 
pullulans (Ap-Ca) or Sarocladium summerbellii (Ss-Ca) and in control (single culture of C. acutatum, Ca), after 8 
days of interaction. Bars with different lowercase letters indicate significant differences (p<0.05, N=5). 
 
The macroscopic observation of the dual cultures showed differences between the two 
endophytes tested. In the dual culture A. pullulans - C. acutatum, the endophyte inhibits the 
growth of the pathogen after initial mycelial contact and none of the isolates were able to 
overgrow the other, appearing to avoid occupying the same space (Fig. 9). Eight days after 
contact, was observed the formation of conidial mass developing from conidiomata over the 
surface of the C. acutatum colonies, in particular in the interaction zone with the endophyte A. 
pullulans (Fig. 10A). In contrast, in the dual culture S. summerbellii - C. acutatum, was 




















































Figure 9. Macroscopic mycelial interaction on potato dextrose agar between Colletotrichum. acutatum (ca) and 
endophytes Aureobasidium pullulans (Ap) or Sarocladium summerbellii (Ss) and in control (single cultures of C. 
acutatum), after 2, 4 and 8 days of interaction. 
 
Portions of mycelium were removed from the interaction zone of both A. pullulans - C. 
acutatum and S. summerbellii - C. acutatum dual cultures and observed under light microscopy 
in order to evaluate possible changes on C. acutatum morphology. In contrast to control (i.e., 
single C. acutatum culture), the dual culture A. pullulans - C. acutatum exhibited the formation 
of crystals, but no attempt was made to identify the fungus that produces such vesicles (Fig. 
10C). In this dual culture was additionally observed a mass of conidia formed from conidiomata 
(Fig. 10B). No other changes were observed in the dual cultures between C. acutatum and 





















Figure 10. Macro- and microscopic mycelial interaction on potato dextrose agar between Colletotrichum acutatum 
(ca) and Aureobasidium pullulans (Ap), on the 8-11th day of dual culture. (A) Conidiomata with masses of orange 
conidia formed by C. acutatum in the interaction zone with the endophyte A. pullulans (simple arrow); (B) conidia 
from conidiomata; (C) crystalline structures with different sizes were observed in the interaction zone (simple 
arrows). 
 
3.3. In vivo interaction between endophytes and C. acutatum 
The capacity of both endophytes A. pullulans and S. summerbellii in reducing incidence 
(AUDPCi) and severity (AUDPCs) of anthracnose, caused by the pathogen C. acutatum, was 
evaluated by artificial inoculation of detached olives. Results showed that A. pullulans reduced 
significantly (p<0.001) progress curve for incidence (up to 10-fold) and severity (up to 35-fold) 
of anthracnose in comparison with olives inoculated solely with C. acutatum (Fig. 11). On day 
15, 100% incidence was reached on olives inoculated solely with C. acutatum, while in A. 
pullulans + C. acutatum treatment the incidence was 20% and remained stable until the end of 
the bioassay. Similarly, olives inoculated with A. pullulans and C. acutatum did not exceed the 
severity index 2 (25-50% of infected area) until the end of the bioassay, while olives inoculated 
with C. acutatum have reached the severity index 5 by the end of the bioassay. An interesting 
delay by 15 days in the appearance of disease symptoms was also observed in the presence of 
A. pullulans as opposed to 3 days in C. acutatum control. 
The endophyte S. summerbelli did not reduced the disease progression rate compared to 
those of the control (i.e., olives inoculated solely with C. acutatum), either for incidence 
(p=0.766) or severity (p=0.371). Indeed, both incidence and severity of anthracnose in olives 
inoculated with S. summerbelli + C. acutatum, increased steadily throughout the 21 days of 
olive fruit monitoring and at the same rate as that in olives inoculated with C. acutatum (Fig. 
11). In both treatments, 100% of incidence and a severity index 5 were reached by day 15 and 










Figure 11. Area under the disease progress curve of incidence (AUDPCi; Aand severity (AUDPCs; B) of 
anthracnose in olive fruits for the different treatments, over 21 days’ post inoculation with the pathogen 
Colletotrichum acutatum. Treatments: fruits inoculated with tween 80 (mock-inoculated), with the endophytes 
(Aureobasidium pullulans and Sarocladium summerbellii) or the pathogen (controls), and inoculated with the 
endophyte and 3 days later with the pathogen (A. pullulans + C. acutatum or S. summerbellii + C. acutatum). In 
each day, mean values of the several treatments followed by different letters are significantly different (p<0.05, 
N=5).  
 
At the end of the olive bioassay, both sporulation and germination of C. acutatum in the 
presence of A. pullulans and S. summerbellii were evaluated and compared to those of the 
control (olives solely inoculated with C. acutatum). Results showed great differences among 
the two endophytes on their capacity to inhibit both sporulation and germination of C. acutatum 
in olives (Fig. 12). A. pullulans significantly (p<0.05) reduced the sporulation and germination 
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significant difference in sporulation (p= 0.497) and germination (p=0.099) of C. acutatum was 
observed among S. summerbellii + C.acutatum treatment and control.  
 
 
Figure 12. Sporulation (A) and spore germination (B) of Colletotrichum acutatum in the presence of the 
endophytes Aureobasidium pullulans (Ap-Ca) or Sarocladium summerbellii (Ss-Ca) and in control (C. acutatum - 
Ca), in olive bioassays, after 21 days of pathogen inoculation. Bars with different lowercase letters indicate 
significant differences (p<0.05, N=5). 
 
 
3.4. Lytic enzymes and volatile compounds produced during the interaction A. pullulans – 
C. acutatum 
Among the two endophytes tested, A. pullulans showed the greatest biocontrol potential 
against C. acutatum. Therefore, the production of lytic enzymes (cellulase and protease) and 
volatile organic compounds (VOCs), was studied during the interaction between A. pullulans 
and C. acutatum, as an attempt to clarify the potential mechanisms behind such inhibitory 
activity.  
The production of lytic enzymes by A. pullulans was assessed when in co-culture with 
C. acutatum, and compared with single cultures of the endophyte (control), after 7 days of 
incubation in PDA medium. Results showed that, in contrast to C. acutatum, A. pullulans was 
able to produce both cellulase and protease (Fig. 13). However, the comparison of the halo sizes 
as an indicator for the enzymatic activity revealed no significant differences among A. pullulans 

























































Figure 13 Cellulase and protease activity exhibited by Aureobasidium pullulans in single cultures (Ap) or in co-
culture with Colletotrichum acutatum (Ap-Ca), after 7 days of incubation in potato dextrose agar medium. Halo 
sizes (cm) were used as an indicator for the enzymatic activity. Box plots depict medians, the inter-quartile ranges 
(boxes), and 95% confidence intervals (whiskers). Different superscript lowercase letters denote a statistically 
significant difference (p<0.05, N=5) between co-culture and control. Representative plates used to detect the 
enzyme activities in each treatment are presented in the right side. 
 
The production of VOCs by A. pullulans - C. acutatum and corresponding controls 
(single inoculations with the endophyte, pathogen or tween) was followed during the time-
course of microbial interaction, after 2, 8 and 16 days of olive inoculation with the pathogen. 
These time samplings were selected based on results from the bioassay that showed changes in 
the inhibitory effect of A. pullulans over anthracnose progression with time: 2 days (no 
inhibition), 8 (moderate inhibition with statistical significance), and 16 days (maximal 
inhibition). Overall, 29 VOCs were identified, belonging to 10 different chemical classes (Fig. 
14, Table S1). Alcohols and aldehydes were the most diversified chemical classes, with 10 and 
7 different compounds, respectively (Table S1), while the most abundant ones were alcohols 
followed by isooctane, accounting 50% and 28% of the total VOCs abundance, respectively 

















Figure 14. Relative abundance (expressed in chromatographic area) of volatile organic compounds per chemical 
classes identified in olives inoculated with Aureobasidium pullulans and Colletotrichum acutatum (Ap + Ca), or 
inoculated solely with A. pullulans (Ap), C. acutatum (Ca) or tween (controls). 
 
The produced VOCs by the inoculated olives were quali- and semi-quantitatively 
different among the four treatments (Table 1). Overall, olives inoculated solely with C. 
acutatum, A. pullulans or tween showed the highest number of volatiles (25, 24 and 24, 
respectively). By contrast, the total number of VOCs produced in olives inoculated with A. 
pullulans + C. acutatum, was lower (20). Most of the identified compounds were common to 
all four treatments (18 out of 29), being 4 exclusively identified in olives inoculated solely with 
A. pullulans, namely (Z) 2-penten-1-ol and 2-methyl-5-(1-methylethenyl)-cyclohexanol, or 
with C. acutatum (decanal and 2-undecanone). The isooctane 2,2,4-trimethyl-pentane was the 
most abundant volatile compounds identified in the four treatments. However, these treatments 
showed to differ in terms of the second most abundant VOCs. Indeed, (Z)-3-hexen-1-ol, 3-
methyl-1-butanol and 2-methyl-1-propanol, were the second most abundant VOCs in olives 
inoculated with A. pullulans, A. pullulans + C. acutatum, or with C. acutatum, respectively. 
Curiously, the sesquiterpene copaene was also identified as the third most abundant compound 
in olives inoculated solely with C. acutatum, while in the other treatments this compound was 
not present or present in considerable less relative abundance (Table 1; Fig. 14).  
 
  


















Table 1. Volatile profile of olives inoculated with Aureobasidium pullulans and Colletotrichum acutatum (A. pullulans + C. acutatum), or inoculated solely with A. pullulans, 
C. acutatum or tween (controls), 2, 8 and 16 days after pathogen inoculation. Results are expressed in chromatographic area/1000 (mean ± standard deviation, N=5). 
N° Compounds 
A. pullulans  A. pullulans + C. acutatum  C. acutatum  Tween 
2 days 8 days 16 days  2 days 8 days 16 days  2 days 8 days 16 days  2 days 8 days 16 days 
1 2-Methyl-1-propanol  nd 12.8±1.04 13.4±1.5  nd 7±1,11 29±2.6  nd 7.0±0.16 45.8±3.17  nd nd 18.1±2.11 









nd 26.7±1.09 52.5±4.48  nd 75.8±2.18 4.1±0.44  nd 83±1.65 11.3±1.41  nd 32.7±3.71 44.3±3.89 
5 3-Methyl-1-butanol nd 15.5±1.17 17±1.14  21.2±1.34 7.7±0.78 26±1.8  5.7±0.48 8.3±1.40 7.1±0.54  2±0.10 24.8±3.81 20.7±1.20 
6 Heptanal nd nd nd  nd nd nd  nd nd 8.4±0.52  0.9±0.03 nd 0.3±0.05 
7 (Z) 2-Penten-1-ol 1.0±0.04 nd nd  nd nd nd  nd nd nd  nd nd nd 
8 Hexanal 16.3±0.80 1.9±0.10 nd  3.2±0.07 nd nd  4.1±0.32 nd nd  16.6±2.47 1.7±0.21 nd 
9 (Z)-3-Hexen-1-ol 32.7±1.01 10.9±0.84 1.9±0.44  16.9±1.03 2.2±0.26 27.5±4.31  5.5±0.11 nd 1.0±0.14  28.3±1.26 10.1±0.22 1.7±0.10 
10 1-Hexanol 5.4±0.21 22.1±2.36 8.7±0.99  22.2±0.43 5.5±0.27 4.2±0.19  11.2±0.36 nd 1.9±0.07  8.7±0.23 18.9±2.52 8.6±0.92 
11 1-Heptanol 0.4±0.11 0.2±0.02 0.2±0.06  nd nd nd  0.7±0.08 0.1±0.01 nd  0.6±0.02 0.4±0.04 0.3±0.10 








2.6±0.16 0.6±0.03 nd  1.2±0.11 nd nd  0.6±0.11 nd nd  2.8±0.07 0.9±0.06 nd 





nd 0.5±0.04 nd  nd nd nd  nd nd nd  nd nd nd 
17 4-Ethyl-1-octyn-3-ol 1.4±0.06 0.5±0.03 1.3±1.62  nd 0.2±0.01 nd  1.1±0.07 nd 0.9±0.09  1.6±0.10 0.8±0.09 0.5±0.03 






19 (E)- 2-Octenal 1.0±0.03 0.2±0.05 nd  0.4±0.06 nd nd  0.2±0.01 nd nd  0.9±0.02 0.2±0.02 nd 
20 1-Octanol 0.3±0.08 0.2±0.05 0.3±0.06  0.8±0.12 nd 0.4±0.03  0.5±0.02 nd nd  0.3±0.02 0.3±0.06 0.2±0.02 
21 2-Nonanone 1.4±0.08 0.5±0.02 0.3±0.09  1.7±0.11 nd 1.5±0.10  1.3±0.05 nd 8±0.37  1.6±0.12 nd 0.2±0.03 
22 Nonanal 0.8±0.06 0.2±0.03 0.1±0.03  0.6±0.12 nd 1.8±0.32  0.4±0.05 nd 0.9±0.06  1.2±0.03 0.4±0.09 0.3±0.13 
23 Phenylethyl Alcohol nd 0.5±0.05 2.1±0.35  nd 0.5±0.05 0.3±0.04  nd 0.4±0.03 8.8±1.74  nd 0.6±0.15 2.5±0.39 
24 Camphor 2.2±0.06 0.8±0.06 0.2±0.07  2.0±0.16 0.2±0.02 0.3±0.02  1.0±0.06 0.2±0.01 0.9±0.22  2.6±0.17 1.1±0.12 0.2±0.02 
25 Levomenthol 4.7±0.43 2.0±0.24 1.0±0.15  4.3±0.03 0.5±0.14 1.2±0.02  2.2±0.02 0.7±0.07 2.9±0.22  5.9±0.75 2.5±0.32 0.9±0.11 
26 Decanal nd nd nd  nd nd nd  0.1±0.00 nd nd  nd nd nd 




1.8±0.16 0.8±0.07 0.3±0.01  1.9±0.05 nd 0.5±0.05  0.9±0.08 nd 1.3±0.19  2.4±0.45 1.1±0.10 0.4±0.05 
29 Copaene nd nd nd  nd nd nd  50.0±0.00 nd nd  0.2±0.02 nd nd 




For understanding the dynamics of VOCs production over time, a heatmap was designed 
separately for the 2nd, 8th and 16th days after pathogen-endophyte interaction (Fig. 15).  
 
 
Figure 15 Heatmap visualization of volatile compounds identified in olives inoculated with Aureobasidium 
pullulans and Colletotrichum acutatum (Ap + Ca), or inoculated solely with A. pullulans (Ap), C. acutatum (Ca) 
or tween (controls), after 2-, 8- and 16 days of pathogen inoculation. The color intensity (blue to red) refers to 
compound abundance in each sample. 
 
Time course GC-MS analysis revealed a decrease in the number of VOCs produced along the 
experiment, from 25 VOCs at day 2, to 19 VOCs at day 8 and 16 VOCs at the end of the assay 
(Fig. 15). Some VOCs were detected in a specific time point, suggesting that microorganisms 
produce a typical volatiles blend depending on their growth stage. Overall, a total of 9 VOCs 
were exclusively detected at day 2, being the most abundant copaene followed by 2-methyl-
butanal and 2,2-difluoroethanol tert-butyldimethylsilyl ether. By contrast, 2-methyl-1-
propanol, phenylethyl alcohol and 2,2,4-trimethyl-pentane were uniquely detected afterwards 
(i.e., at days 8 and 16). The analysis of volatile compounds by chemical groups showed the 
exclusive production of oxime and acetate in the first 2-8 days of microbial inoculation, while 
isooctane was detected uniquely in the final stages of the assay (8-16 days), in all treatments 
(Fig. S1).  
Similarly, differences were found on volatile profile over time among the different 




























































































































(Z)- 3-Hexen-1-ol, acetate, 
































































































d) to 10 at 8 days, and increased afterwards to 13 at 16 days. The number of VOCs in C. 
acutatum treatment decreased from 21 VOCs after 2 days to 8 VOCs (8 d), to increase again to 
14 VOCs (16 d). By contrast. the number of VOCs was found to change slightly over time in 
A. pullulans and tween controls (Fig. 15). Differences on volatile profile among treatments were 
particularly noticed at 2 days of microbial interaction. At this time point, (Z)-3-hexen-1-ol, 
copaene and 1-hexanol were identified as the most abundant VOCs in olives inoculated solely 
with A. pullulans or C. acutatum, and with A. pullulans + C. acutaum, respectively. By contrast, 
at day 8, the same VOC (2,2,4-trimethyl-pentane) was identified as the most abundant in these 
three treatments (Fig. 15).  
To identified which VOCs are characteristics of each treatment, a principal component 
analysis (PCA) was performed with VOCs analyzed after 2-, 8- and 16 days of pathogen 
inoculation (Fig. 16). All the PCA showed a higher variance, around 88%, 94% and 90% for 2, 
8 and 16 days, respectively, considering the two principal components (PC1 and PC2). The 
PCA for day 2, showed a clear separation between olives inoculated solely with A. pullulans 
(Ap) or C. acutatum (Ca), and with A. pullulans + C. acutaum (Ap+Ca) based on the volatiles 
produced. At this day, Ca treatment was characterized by VOCs decanal (V26), 2-undecanone 
(V27) and copaene (V29), while Ap and Ap+Ca treatments were characterized by 2-methyl-
butanal (V2), and 3-methyl-1-butanol (V5) and 1-hexanol (V10), respectively. On day 8, the 
PCA grouped together Ca and Ap+Ca treatments, which were characterized by the VOC 2,2,4-
trimethyl-pentane (V4). These two treatments were separated from Ap treatment, which 
correlated positively with the VOCs 2-methyl-5-(1-methylethenyl)-cyclohexanol (V16) and 2-
nonanone (V21). On day 16, this pattern changed, being noticed a clear separation between Ca, 
Ap and Ap+Ca treatments based on the volatiles produced. At this day, the most characteristics 
VOCs of Ca treatment were heptanal (V6), 2-nonanone (V21), camphor (V24), levomenthol 
(V25) and cyclohexasiloxane, dodecamethyl- (V28), while Ap treatment was positively 
correlated with 2,2,4-trimethyl-pentane (V4), 1-hexanol (V10) and 1-heptanol (V11). 
Treatment Ap+Ca was positively related with the production of (Z)-3-hexen-1-ol (V9) and 





Figure 16 Principal Component Analysis score plots obtained from the volatile profile of olives inoculated with 
Aureobasidium pullulans and Colletotrichum acutatum (Ap + Ca), or inoculated solely with A. pullulans (Ap), C. 
acutatum (Ca) or tween, after 2-, 8- and 16 days of pathogen inoculation. Each V-number corresponds to a 
particular volatile compound, as indicated in Table 1. Gradient color represents the contribution of each variable 
(i.e., volatile compounds) to the explanation of most variance in the data set. Each circle represents treatments, 






4. Discussion  
 
Olive fruit fly B. oleae and anthracnose, mainly caused by C. acutatum, have devastating 
impacts on olive fruit crops. Generally, organophosphates and copper-based pesticides are 
employed for their control (Cacciola et al., 2012; Saour & Makee, 2004). However, as their 
resistance to conventional methods is constantly increasing (Mantzoukas & Eliopoulos, 2020), 
researchers sought alternatives such as biological control. In the present work, the ability of two 
endophytes previously isolated from olive tree, namely Aureobasidium pullulans and 
Sarocladium summerbellii, to confer host plant protection towards olive fruit fly attack and C. 
acutatum infection was studied.  
In what concerns olive fly, both olfactometer and multiple choice oviposition bioassays, 
indicated that none of the endophytes tested significantly affect the behavioral and oviposition 
preference of olive fly females. Despite this, females appeared to attract and oviposit more on 
olives inoculated with S. summerbelii than in non-inoculated control. To some extent, these 
findings contrast with the recognized role of endophytes to negatively affect insect pests via 
deterring and/or reducing oviposition (Bamisile et al., 2018). The capacity of volatiles from A. 
pullulans to attract insects was already reported to occur in an agricultural landscape (Davis & 
Landolt, 2013). Most of the insects oriented to traps containing this yeast, were flies (65% of 
the total insects), 22.9% of which belonged to Diptera (Davis & Landolt, 2013). The same work 
has reported that a large number of the captured insects were found in the traps baited with the 
volatiles 2-methyl-1-butanol, 3-methyl-1-butanol and 2-phenylethanol (Davis & Landolt, 
2013). Surprisingly, the same VOCs were detected in our GC/MS analysis on olives inoculated 
with A. pullulans. However, they apparently did not affect olive fly females' behavior. One 
explanation for the lack of endophytic effects on both behavioral and oviposition preference of 
olive fly may be the reduced number of replicates (in total five) performed. A better detectable 
difference with statistical significance among inoculated and non-inoculated olives is expected 
to attain by increasing this number. 
The antagonistic effect of the endophytes A. pullulans and S. summerbelli against the 
causal agent of anthracnose C. acutatum was evaluated by establishing dual cultures in potato 
dextrose agar medium containing macerated olives, in an attempt to mimic the fungi’s natural 
habitat. Results showed that A. pullulans was the most effective in inhibiting the growth, 
sporulation and germination of C. acutatum. This effect starts to occurred prior physical contact 
among the microbes, suggesting that the inhibition was caused by the volatile compounds 
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produced by A. pullulans. This yeast also showed to be highly effective for controlling C. 
acutatum on olive fruits. In in vivo assays, A. pullulans reduced significantly both incidence 
and severity of anthracnose as well as the sporulation and germination of C. acutatum. This 
yeast is a well-known biocontrol agent against several pathogenic fungi, especially post-harvest 
pathogens, but also pathogens present in the field (Bozoudi & Tsaltas, 2018; Di Francesco et 
al., 2020; Yalage Don et al., 2020). For instance, A. pullulans was shown to suppress mycelium 
growth and/or conidia germination of Botrytis cinerea (Di Francesco et al., 2020), Alternaria 
alternata (Yalage Don et al., 2020), Colletotrichum acutatum (Hartati et al., 2015), Penicillium 
expansum, Penicillium digitatum and Penicillium italicum (Di Francesco et al., 2015), under in 
vitro and/or in vivo conditions. Its potential in biocontrol of olive anthracnose was previously 
reported as well. In detached fruits, A. pullulans showed to reduce significantly the severity of 
the symptoms produced by C. acutatum in 76% (Segura, 2003). Similarly, in field trays, this 
yeast showed to significantly reduced anthracnose severity by 40% and latent infection by 14% 
(Nigro et al., 2018). The antagonistic feature of this yeast has been attributed to competition for 
nutrients and space, parasitism on the fungal pathogens, secretion of antifungal compounds, 
such as volatile organic compounds, production of cell wall degrading enzymes as well as the 
induction of host plant resistance (Bozoudi & Tsaltas, 2018). A. pullulans strains have been 
reported to produce an array of lytic enzymes involved in cell wall lysis, such as amylase, 
protease, lipase, cellulase, xylanase, glucanase, among others (Gaur et al., 2016). Some of these 
enzymes, in particular cellulase and xylanase showed already the capacity to disrupted the 
hyphal of C. acutatum, and ultimately to avoid the infection of chili fruits (Hartati et al., 2015). 
In our study, although A. pullulans was able to produced lytic enzymes, no morphological 
changes on C. acutatum hyphae was observed, suggesting that other mechanisms may be 
responsible for the pathogen inhibition. The presence of crystal-like structures was the only 
abnormality detected in the interaction zone between A. pullulans and C. acutatum. Although 
it was not possible to identify the fungus that produce these crystals, we hypothetized that could 
be a stress response of C. acutatum to A. pullulans attack, as described in other fungal 
interactions (Baptista et al., 2021). Calcium oxalate are the most common crystals associated 
with pathogenic fungi and are know to play a key role in pathogenesis through acidification and 
sequestration of calcium from host cell walls (Dutton & Evans, 1996). However, the variation 
in the volatile profile over time of olives inoculated with A. pullulans and C. acutatum, suggests 
that these metabolites might also have contributed to the inhibitory activity displayed by this 
endophyte against the pathogen. VOCs are chemicals with low molecular weights (<300Da), 
high vapor pressure and low water solubility (Chen et al., 2008; Huang et al., 2011). Many 
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studies have reported the successful use of VOCs produced by microorganisms, especially 
endophytic fungi, to control fruit and vegetable diseases (khruengsai et al., 2021). VOCs of 
microbial origin are known to cause morphological abnormalities and conformational changes 
in microbial cells, and to suppress conidia germination and mycelium growth of fungal 
pathogens (Li et al., 2012; Rathnayake et al., 2018; Yalage Don et al., 2020). The VOCs 
detected in our assay were mainly formed of alcohols and aldehydes, being alcohols the most 
abundant and diversified compounds. This result is consistent with previous works that 
identified alcohol group (ethanol, 3-methyl-1-butanol, 2-methyl-1-butanol, 2-phenylethanol) 
and aldehydes (2-methyl-2-hexenal and 2-isopropyl-5-methyl-2-hexenal), among  the most 
abundant volatile compounds produced by  fungi (Buzzini et al., 2003).  
Although most of the volatile compounds identified in olives inoculated solely with A. 
pullulans, C. acutatum, or with A. pullulans + C. acutaum, were common, their quantities were 
found to be different among treatments. For instances, (Z)-3-hexen-1-ol, 2-methyl-1-propanol 
and 3-methyl-1-butanol, were found in highest abundance in olives inoculated solely with A. 
pullulans, C. acutatum or A. pullulans + C. acutatum, respectively. These compounds, 
belonging to the group of alcohols, were previously reported to be produced by several fungi, 
and in particular by A. pullulans (Di Francesco et al., 2015, 2020; Fernando et al., 2005). This 
group of VOCs is well recognized in having antimicrobial activity against an array of  bacteria 
and fungi species, by inhibiting their growth due to their effect on  membrane disruption which 
subsequently interferes and/or inhibits regular cell metabolic functions (Dantigny et al., 2005). 
Olives inoculated solely with C. acutatum were also distinguish from the other treatments, 
including of mock-inoculated olives, due to the highest abundance of copaene and exclusively 
production of both decanal and 2-undecanone. This result suggest that these three VOCs may 
play important roles in the development of anthracnose, being probably required for 
pathogenicity of C. acutatum, as previously suggested for other pathosystem (Stergiopoulos et 
al., 2012). Alternately, these three VOCs may be produced by olives to prevent C. acutatum 
infection. Indeed, plants protect themselves from pathogens by synthesizing diversified 
metabolites, including VOCs (Garbeva et al., 2020). Sesquiterpenes (that included copaene), 
constitute one of the largest VOCs group that act as a defense compounds (phytoalexins) 
produced by plants in response to pathogen challenge (Ninkuu et al., 2021). Similarly, both 
aldehydes (such as decanal) and ketones (2-undecanone) were reported to  inhibited the germ 
tube formation of the pathogenic Alternaria alternata (Andersen et al., 2002; Zhang, 2020).   
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Changes on volatile profiles were also observed over time following microbial 
inoculation. We hypothesized that these compounds that become distinct of the volatile profile 
may represent signals of the ongoing metabolism derived from the microbial-olive interaction. 
For example, in olives inoculated solely with C. acutatum, decanal (aldehyde), 2-undecanone 
(ketone) and copaene (sesquiterpenes) were characteristics at day 2, while 2,2,4-trimethyl-
pentane (isooctane) was the most characteristic at day 8, and finally 16 days after pathogen 
inoculation was characteristic the production of heptanal (aldehyde), 2-nonanone and camphor 
(both ketones), levomenthol (alcohols) and cyclohexasiloxane-dodecamethyl (cyclic volatile 
methylsiloxanes). Similarly, in single inoculations of olive fruits with A. pullulans, 2-methyl-
butanal (aldehyde) was the most characteristics VOCS produced at day 2, while 2-methyl-5-(1-
methylethenyl)-cyclohexanol (tetrahydrocarvone) and 2-nonanone (ketone), as well as 2,2,4-
trimethyl-pentane (isooctane), 1-hexanol and 1-heptanol (both alcohols), were characteristics 
of days 8 and 16, respectively. These distinct volatile compounds were found to be different for 
C. acutatum when compared with A. pullulans, suggesting their potential to discriminate the 
two species and additionally, in the case of pathogen, to act as disease biomarkers.  
From all the detected VOCs in olives inoculated with A. pullulans + C. acutatum, the 
alcohols 3-methyl-1-butanol and 1-hexanol, were the most discriminant compounds at day 2, 
suggesting that could play a role in the C. acutatum inhibition. Indeed, these two alcohols 
compounds were previously reported to have antimicrobial activity against a variety of 
pathogens. For instances, 3-methyl-1-butanol showed to inhibited significantly, under in vitro 
conditions, the vegetative development of the causal agent of the disease citrus black spot, the 
fungus Guignardia citricarpa (Fialho et al., 2011). Similarly, Botrytis cinerea and Alternaria 
alternata hypha exposed to A. pullulans VOCs mixture, that included 3-methyl-1-butanol, had 
a reduction on growth and altered cell wall structures, under in vitro conditions (Don et al., 
2021). 1-Hexanol has been used as an insecticide and on the manufacture of antiseptics, due to 
its ability to inhibit the growth of microorganisms (Tiloca et al., 2020). At later phases of fungal 
growth (day 16), the inhibition of C. acutatum growth seems to be ascribed to the production 
of (Z)-3-hexen-1-ol (alcohols) and acetic acid, hexyl ester (esters). The (z)-3-Hexen-1-ol is 
frequently reported to be produced by plants immediately after mechanically damaged of their 
leaves (D’Auria et al., 2007), acting as an attractant of beneficial insects to crops and in 
triggering the plant-plant communication to prevent further insect attacks (Wei & Kang, 2011). 
As far as we known, the involvement of this compound on plant-microbe interaction has never 
been reported before. We hypothesized that this compound can also be used by olives to 
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communicate the presence of pathogen infection and/or to act as signals that cause resistance 
responses. Therefore, the exact role of (z)-3-hexen-1-ol in suppressing anthracnose on olives 
requires further investigation. The volatile acetic acid, hexyl ester was previously identified as 
a biomarker of specific apple disease, being differently produced in apples inoculated with 
Botrytis cinerea when compared from those inoculated with other pathogens (Vikram et al., 
2004). Since many esters compounds have been shown to induce resistance in a variety of crop 
plants against pathogen infection (Hammerbacher et al., 2019), we hypothesized that in the 
present work the acetic acid, hexyl ester may have a similar role, and ultimately suppress the 
development of anthracnose on olives. Overall, and despite the high explanatory power of these 
VOCs for discrimination between Ap+Ca treatment and single fungal inoculations, further 
studies are required to confirmed their effectiveness against C. acutatum. In our work we were 
not able to measure the exact inhibition percentage of VOCs emitted by yeast-like fungus A. 
pullulans as we simply aimed to distinguish qualitatively and quantitatively (relative area %) 
VOCs composition amongst the four treatments. However, an assessment of synthetic pure 
standards of the most discriminated VOCs produced in the treatment Ap+Ca would allow the 
detection of compounds with antifungal properties against C. acutatum.  
In contrast to A. pullulans, S. summerbellii did not show any antifungal properties 
against C. acutatum. However, other numerous previous studies have demonstrated that some 
endophytic Sarocladium species displayed significant antifungal activity against a broad-
spectrum of pathogens, namely Colletotrichum gloeosporioides of mango trees, Fusarium 
oxysporium f.sp. cubense, Gloeosporium musarum, Colletotrichum gloeosporioides of rubber 
trees, Corynespora cassicola of papaya, Fusarium oxysporium of bamboo, Magnaporthe 
grisea, Bipolaris oryzae Shoem and Colletotrichum falcatum (Liu et al., 2017). 
In conclusion, this work identified A. pullulans as a potential candidate in conferring 
olive tree protection against anthracnose. This yeast was effective in suppressing mycelial 
growth, sporulation and germination of C. acutatum either in in vitro or in in vivo assays. Its 
features were mostly ascribed to the production of volatile organic compounds, being 3-methyl-
1-butanol, 1-hexanol, (Z)-3-hexen-1-ol and acetic acid, hexyl ester the most promising 
inhibitory compounds. However, further studies are needed to evaluate the effectiveness of 
these VOCs against C. acutatum under in vitro and in the field. Furthermore, the defensive role 
play by this yeast against olive fly attack should be studied as well and considering the increase 




5. Conclusion and future perspectives  
Endophytes are microorganisms living mutualistic in the internal tissues of plants with 
the capacity to confer functional trait benefits on the host plant, including protection against 
pests and pathogens (Trivedi et al,2020). In this work, the insecticidal and antifungal activity 
of two endophytes previously isolated from olive tree, A. pullulans and S. summerbellii, were 
assessed against olive fruit fly and anthracnose, which are the two main constraints of olive 
crop worldwide (Daane et al., 2010; Cacciola et al., 2012). To our knowledge, we are the first 
to simultaneously test the insecticidal and antifungal activity of endophytes, in particular that 
of S. summerbellii.  
The behavioral bioassays performed in the olfactometer, indicated that the inoculation 
of olive fruits and leaves with A. pullulans or S. summerbellii did not exert an attractive or 
repellence effect to mature gravid fruit fly female’s. Experiments concerning oviposition 
preference also showed that females do not preferentially oviposit on olives non-inoculated 
when compared to the ones inoculated with A. pullulans or S. summerbellii. The lack of effect 
of endophytes on olive fruit fly behavioral was probably related to the reduced number of 
replicates performed (5 in total). Indeed, despite the lack of significant effect, there was a trend 
for females to attract and laid more eggs on olives inoculated with S. summerbellii when 
compared to non-inoculated olives or inoculated with A. pullulans. Thus, it is expected that by 
increasing the sample size, the hypothesis test gains greater statistical power to detect small 
effects. In future, the whole experiment must be repeated more times, under exactly the same 
conditions, in order to capture more accurately the effect of these two endophytes towards olive 
fruit fly behavioral. 
The antifungal activity of A. pullulans and S. summerbellii towards Colletotrichum 
acutam, which is one of the main causal agents of anthracnose, was assessed by using in vitro 
(dual culture) and in vivo (detached fruits) assays. Both assays revealed that A. pullulans was 
the most effective in reducing the growth, sporulation and germination of C. acutatum and also 
to reduce significantly the incidence and severity of anthracnose in inoculated olives. In 
contrast, S. summerbellii did not demonstrate any antifungal activity.  
The role of lytic enzymes and volatile organic compounds (VOCs) in the inhibitory 
activity of A. pullulans against C. acutatum, was tested using in vitro dual culture assays and in 
vivo (detached olive fruits) assays, respectively. Despite the ability of A. pullulans to produce 
the cellulase and protease, they seem to play a minor role in the inhibitory effect towards C. 
acutatum due to absence of damages on pathogen hyphae.  
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The antifungal activity of A. pullulans towards C. acutatum is mostly attributed to the 
production of VOCs. Indeed, VOCs emitted over the course of the assays with olives inoculated 
with A. pullulans, C. acutatum, A. pullulans + C. acutatum or tween (mock-inoculated), 
revealed some differences in terms of composition and abundance between the treatments and 
time samplings. These VOCs that become distinct of the volatile profile may represent signals 
of the ongoing metabolism derived from the microbial-olive interaction. Accordingly, VOCs 
differently produced in olives inoculated solely with C. acutatum are likely to play a role in the 
pathogenicity and/or development of anthracnose. These VOCs included several chemical 
classes, mostly aldehydes (decanal, heptanal), ketones (2-undecanone, 2-nonanone, camphor), 
alcohols (levomenthol) and sesquiterpenes (copaene). In contrast, the VOCs (Z)-3-hexen-1-ol 
(alcohol) and acetic acid, hexyl ester (ester), were differently produced in olives inoculated with 
A. pullulans + C. acutatum and, therefore they are likely to act as signals that cause resistance 
responses and/or antimicrobial compounds, which ultimately suppress the anthracnose disease. 
To confirm these assumptions, it would be interesting to evaluate the effect of the pure synthetic 
standards of these compounds against C. acutatum olive fruit assays. Similarly, some 
compounds which were characteristics of the control C.acutatum, would need to be further 
investigated in terms of their role of the development of disease.  
Our work would be a great starting point for the understanding of the different 
mechanisms employed by yeast like fungus A. pullulans to combat anthracnose infection caused 
by C. acutatum. In addition, a deeper focus on the VOCs emitted by this endophyte may allow 
the conception of a novel biocontrol technique of anthracnose or the development of more 
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Table S1. Volatile compounds detected in this study: retention time (RT). kovats retention 
indices (RI), and selected ions used as m/z identifiers and quantifiers (QI). 
RT (min) RIcala RIlitb Compounds QI (m/z) 
   Alcohols  
3.51 634 - 2-methyl- 1-Propanol 41/42/43 
5.7 738 741 3-methyl-1-Butanol 42/43/56 
6.8 774 - (Z) 2-Penten-1-ol 41/44/57 
10.4 858 - (Z)-3-Hexen-1-ol 55/41/67 
11.11 871 - 1-Hexanol  41/43/56 
17.33 972 972 1-Heptanol  43/56/70 
21.34 1031 - 4-ethyl-1-Octyn-3-ol 41/43/57 
24.238 1073 1073 1-Octanol 41/55/56 
27.05 1109 - Phenylethyl Alcohol  65/91/92 
31.37 1182 - Levomenthol 71/81/95 
     
   Aldehyde  
4.08 670 - 2-methyl-Butanal 29/41/57 
5.73 740 - Heptanal  44/41/70 
7.81 798 798 Hexanal  41/44/56 
22.17 1044 - Benzeneacetaldehyde  91/92/120 
23.27 1059 - (E)- 2-Octenal 29/41/54 
26.52 1102 - Nonanal  41/43/57 
33.79 1203 - Decanal 57/41/43 
     
   Esters  
4.51 - - 2,2-Difluoroethanol-tert-butyldimethylsilyl ether 57/43/77 
20.21 1015 1010 Acetic acid-hexyl ester 43/55/56 
     
   Isooctane  
4.53 691 - 2,2,4-trimethyl-Pentane 41/56/57 
     
   Oxime  
13.2 904 - Methoxy-phenyl-Oxime 77/133/151 
     
53 
 
   Ketone  
18.4 987 987 6-methyl-5-Hepten-2-one 55/41/43 
25.68 1092 1091 2-Nonanone 41/43/58 
29.26 1143 - Camphor 41/81/95 
39.49 1287 - 2-Undecanone 49/43/58 
     
   Acetate   
19.82 1007 - (Z)-3-Hexen-1-ol, acetate 43/67/82 
     
   Tetrahydrocarvone  
21.24 1030 - 2-methyl-5-(1-methylethenyl)-Cyclohexanol 121/107/93 
     
   Cyclic volatile methylsiloxanes  
42.43 1333 - Dodecamethyl-Cyclohexasiloxane 73/341/429 
     
   Sesquiterpenes  
45.35 1376 1376 Copaene 105/119/161 
aRIcalc: retention indices calculated from C8 to C20 n-linear alkanes with TRB-5MS capillary column. 
bRIlit: retention indices reported in the literature for TRB-5MS capillary column or equivalent.  
Identification method: Compounds were identified by comparing the MS fragmentation pattern with those of STD 















Figure S1. Relative abundance (expressed in chromatographic area) of volatile organic 
compounds per chemical classes identified in olives inoculated with Aureobasidium pullulans 
and Colletotrichum acutatum, or inoculated solely with A. pullulans, C. acutatum or tween 
(controls), after 2, 8 and 16 days of microbial inoculation. 
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